Interest has been revived recently in the relative importance of changes in heart rate and stroke volume during exercise in man. Rushmer and Smith have examined the literature and concluded that an increase in stroke volume is not an essential feature of the ventricular response in normal human subjects (1, 2) . Contrary views, particularly in the older literature, were attributed to differences in the technics used to measure cardiac output and in the degree of training of the subjects (1) . However, in the studies reviewed by Rushmer, the subjects had exercised in various postures. This could have accounted for much of the apparent discrepancy (3), a point which Rushmer has now emphasized (4) .
The present investigation demonstrates the importance of the posture of the subject in the interpretation of changes in stroke volume from rest to exercise. The stroke volume increases only slightly once exercise has begun, regardless of the severity of the exercise or the position assumed by the subject.
METHODS
Seven healthy "untrained" men, aged 25 to 35 years, were studied. Cardiac output was measured by the indicator-dilution method. A cardiac catheter was placed with its tip in the superior vena cava. The indicator, cardio-green dye,1 was given in a dose of 7.5 mg by sudden injection from a specially calibrated syringe. The syringe was attached to the catheter throughout the experiment and was filled before each injection from a supply syringe connected to it by a three-way tap. Blood was sampled continuously for each dilution curve from the radial artery through a Wood oximeter at * This investigation was supported in part by a grant from the Minnesota Heart Association.
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rates of 28 to 50 ml per minute. The dilution curve was recorded on a photokymograph. Not more than 40 ml was withdrawn for any curve. On completion of each curve the blood was reinfused.
Samples of blood were withdrawn from the radial artery before and after each experiment. Known amounts of dye were added to 10 ml aliquots of blood and the resulting mixtures were drawn through the cuvet oximeter to permit calibration of tIle dilution curves. The calibrations for the two samples invariably were close (Figure 1 , upper panel) and were reproducible from day to day. Calibrations for blood from different subjects were similar. Figure 1 in the upright position and from 2 additional subj ects, the same cuvet oximeter being used on each occasion.
The heart rate was recorded by an electrocardiograph and a cardiotachometer. Radial artery pressure Nras recorded continuously except durinig inscription of the indicator-dilution curves.
In some experiments expired air was collected in a neoprene bag for 5 minutes with the subject at rest and for periods of 1 or 2 minutes during each period of exercise. Low resistance valves and tubing were used. The oxygen consumption so measured was used only to provide an index of energy expenditure. Surface area was determined from each subject's height and weight by the nomogram of Dubois and Dubois (5) .
In 9 experiments observations were made first on 4 subjects at rest in the supine position. The Two of the subjects in further experiments walked on the treadmill at 3.5 nmph for 10 to 11 minutes. During this period the heart rate was monitored continuously and indicator-dilution curves were obtained at intervals.
RESULTS
Indicator-dilution curves obtained in the first experiment on Subject Y.W. are shown in Figure  2 . With the subject standing at rest the cardiac output was 5.7 L per minute, the heart rate 98 beats per minute, and the stroke volume 58 ml. When the subject walked at 3.5 mph up the inclined treadmill the cardiac output increased to 18.8 L per minute and the heart rate to 164 beats per minute; the stroke volume (115 ml) was doubled.
Data from the nine experiments on the four subjects who performed exercise in the upright position are shown in Figure 3 and summarized in Table I . During rest in the supine position the cardiac output was between 6.1 and 7. ute. The average cardiac index for all observa-from 58 to 72 beats per minute, the systemic blood tions was 3.7 L in D.W., 3.3 L in R.M., and 3.4 L pressure from 115/65 to 140/75 mm of mercury, in Y.W.; the cardiac index was 3.6 L in D.H. for and the stroke volume from 93 to 117 ml. Table  a single observation. The average cardiac index II shows the stroke index which ranged from 51 for all subjects was 3.5 L. The pulse rates were to 56 ml (average, 54 ml) and was similar from White symbols, data for subjects resting in supine position; black and white symbols, data while standing; black symbols, data at different grades of treadmill exercise. Numerals adjacent to the symbols indicate the particular experiment from which data were obtained (Table I) . experiment to experiment in each subject ( Figure  3 , Table I ).
On standing there was an increase in heart rate, little change in systemic blood pressure, and, on eight of the nine occasions, a decrease in cardiac output. The stroke index fell to 30 ml in three subjects (Table II) . In R.M. the somewhat higher average value of 38 ml was due to a slight fall to 46 ml on one occasion when the subject was apprehensive; in each of the other two experiments in R.M. the stroke volume fell to 34 ml. The average stroke index for all subjects while standing at rest was 32 ml. This represents a fall of 41 per cent from the average value of 54 ml in the supine position.
Mild exercise, consisting of alternate contraction and relaxation of the calf muscles, was undertaken by D.W., R.M., and Y.W. The oxygen consumption was increased by less than 50 per cent (average 315 to 415 ml per minute). Cardiac output increased moderately and there was a reduction of 2 to 4 beats per minute in heart rate.
Thus the stroke volume increased almost to the level previously obtained in the supine position ( Figure 4 ). Moderate exercise, achieved by walking uphill at 1.7 to 2.5 mph, was associated with a further rise in stroke volume to values similar to those obtained with the subject in the supine position (Tables I and II, Figure 3) . Thus, at 1.7 mph the average stroke index for all subjects was 54 ml, and at 2.5 mph it was 56 ml, compared with 54 ml at rest in the supine position. Severe exercise, sufficient to increase the cardiac output to between 15 and 25 L per minute, was accompanied by a further slight though definite rise in stroke volume in the first three subjects (Tables I and  II, Figure 3) ; D.H. did not achieve an output greater than 15 L per minute, and at this level the stroke volume was slightly less than that when he was at rest in the supine position. The average stroke index at 3.5 mph was 58 ml, and at 4.5 mph, 59 ml.
The first three subjects achieved a cardiac output of 20 L per minute or more on at least one Arteriovenous difference in oxygen content was calculated from the oxygen consumption and cardiac output (Figure 6 ). At rest in the supine position the values were 3.9 to 4.3 ml per 100 ml of blood. With moderate exercise there was an increase to 10 to 12 ml per 100 ml. Little further change occurred in the arteriovenous oxygen difference even with the severest exercise undertaken.
Data from the four subjects who performed leg exercise on a cycle ergometer while supine are presented in Table III . The exercise was arbitrarily graded as mild, moderate or severe. There was a definite, though slight, increase in stroke volume during exercise; with the severest exercise the stroke volume was 10 to 20 per cent greater than that while at rest. In Figure 7 the data obtained for Y.W. are compared with those on the other occasions when he exercised in the upright position.
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The effects of severe exercise maintained for 10-minute periods are shown in Figure 8 . In R.M. the pulse rate increased from 80 to 165 beats per minute within 2 minutes and was steady for the remainder of the exercise; the blood pressure increased from 132/75 to 200/70 mm of mercury and also remained fairly steady for the next in Figure 3 . (6) found that during supine leg exercise the arteriovenous oxygen difference and cardiac output reach a steady state after the first minute. In the present experiments, pulse rate (except in Y.W.) and blood pressure became stable in 1.5 to 2 minutes and cardiac output was therefore determined during the third minute of exercise. However, observations made during prolonged severe upright exercise indicate the difficulty in achieving a steady state under these conditions (Figure 8) . Thus, in Y.W. the heart rate and cardiac output continued to rise gradually throughout exercise, while in R.M. the heart rate remained relatively steady. It is difficult for untrained subjects to maintain precisely the same work level during prolonged severe exercise, and a constant treadmill speed is no guarantee that the subject's cardiac output will become steady.
The indicator-dilution technic, when combined with a continuous recording of the changes in dye concentration in arterial blood, is well suited for the determination of cardiac output in man during exercise. It is unnecessary to have a catheter in the pulmonary artery to draw mixed venous blood samples, and a steady state needs to be maintained only during the short time required for inscription of the dilution curve. With higher cardiac outputs, the time required for inscriptionmof the indicator-dilution curve becomes less and with the severest exercise in the present experiments the curve was completed within 20 seconds after the injection of dye. We believe that, when particular attention is paid to obtaining satisfactory calibration curves for the concentration of dye in blood, and when the dye is injected into the central circulation, the indicator-dilution method accurately measures the cardiac output in resting subjects. However, it is probable that the results are less accurate when cardiac output is greatly increased. Under this circumstance, the area subtended by the dilution curve is much less than that during rest, and hence inaccuracies in its measurement are more likely. Further, as a result of the profound alterations in the systemic distribution of blood flow that occur during exercise, clearance of dye from blood at the sampling site between the end of its primary circulation and its first recirculation in some, but not all, subjects is relatively less complete than when they are at rest. Hence, extrapolation of the disappearance slope in an attempt to exclude the measurement of recirculating dye may be subject to more than the usual inaccuracy. Stroke volume at rest and during exercise in the upright position. The cardiac index in the subjects resting in the supine position averaged 3.5 L. This is similar to values obtained in young adult males of 3.4 (7), 3.3 (8), 3.6 (9), and 3.5 (10) L by the direct Fick method. The stroke index averaged 54 ml. When the subject stood, the stroke index fell to an average value of 32 ml. Extremely light exercise in the upright position, consisting of contraction and relaxation of the calf muscles but insufficient to increase the oxygen consumption by more than 50 per cent, caused the stroke index to approach the value obtained in the supine position. With exercise resulting in a cardtac index of about 5 to 10 L, the stroke index was similar to that at rest in the supine position, though there were slight variations from one experiment to another. With severe exercise and a cardiac index of up to 12 L, the average value for stroke index for the four subjects was 59 ml. We are aware of only two studies in which cardiac output and heart rates have been measured in subjects at rest, in the standing position and during exercise. Theilen, Gregg and Rotta (11) found an increase in stroke index from 33 ml, while the subject stood at rest, to 51 ml during moderate exercise (cardiac index 8 L) in seven medical students, at sea level. Mitchell, Sproule and Chapman (12) found an increase in stroke volume from 62 ml while standing to 125 ml during severe exercise when the average cardiac output was 23 L. Our results are similar, the stroke index increasing from 32 to 54 and 56 ml with moderate exercise and to 59 ml with severe exercise. With even the mildest exercise the stroke index increases toward the value obtained while the subject is resting in the supine position, to show only a small further increase above this value even with severe exercise.
Stroke volume during exercise in the supine position. Dexter and co-workers (13) found that light leg exercise while the subject was supine increased the average stroke index from 41 to 51 ml in a group of seven healthy adults. Barratt-Boyes and Wood (10) noted an average increase from 49 to 59 ml with comparable leg exercise in 11 adults. Severe exercise, sufficient to increase the cardiac index to 9 L or more, was undertaken by four subjects in the study of Donald and associates (6). They noted an average increase in stroke index from 55 ml during rest to 62 ml while exercising. Thus during leg exercise while in the supine position, there is a slight increase in stroke volume. The observation in the present study, that the stroke index increased in four subjects by 10 to 20 per cent during severe exercise, supports this conclusion.
Relation of present findings to those of previous workers. Rushmer (1) has discussed the discrepancies in the findings of earlier workers concerning changes in stroke volume during exercise. In his opinion, "the traditional view that stroke volume and heart rate should increase by relatively similar degrees to achieve greater cardiac output stemmed from indirect measurements involving use of CO2 or foreign gases such as nitrous oxide, acetylene and ethyl iodide. These methods have been largely abandoned in favor of cardiac catheterization and indicator-dilution technics." However, the magnitude of the increase in stroke volume during severe upright exercise depends on the baseline to which it is related (Table II) . If this is the value obtained with the subject at rest in the supine position, the increase is slight (-9 to + 23 per cent) compared with the large increase in heart rate (+ 156 to + 190 per cent). If it is the value obtained at rest while standing, the increase is considerable (+ 61 to + 110 per cent) and comparable with the increase in heart rate (+ 77 to + 122 per cent).
Nevertheless, there is still a conflict between results obtained by the earlier workers who studied changes in stroke volume in subjects sitting on a bicycle ergometer and exercising. Thus, Douglas and Haldane (14) , using the carbon dioxide method, found that the stroke volume was the same with the subject supine, sitting on the cycle, or exercising, while Bock and associates (15) , also using the carbon dioxide method, found increases of 36 to 110 per cent with exercise in three normal subjects. Henderson, Haggard and Dolley (16) , using the ethyl iodide method, found no increase in stroke volume in untrained subjects, but Christensen (17) , using the acetylene method, found that it increased from 60 ml during rest to between 100 and 200 ml during exercise. These discrepancies are not necessarily due to inadequacy of technics. The careful study of Asmussen and Nielsen (18) , in which stroke volume was measured simultaneously by the indicator-dilution and acetylene methods, with identical results, suggests that the inert gas methods cannot necessarily be regarded as unsuitable for determination of cardiac output. An alternative explanation might be that the posture and degree of relaxation of the subject sitting on the cycle varied. Thus the resting value for stroke volume of 60 ml obtained by Christensen (17) is similar to that of subjects standing in a relaxed manner, while the resting value obtained by Douglas and Haldane (14) was twice as great, suggesting that their subjects may have been sitting in a less relaxed posture.
The present studies suggest that for a given person the stroke volume increases only slightly once exercise has begun, regardless of whether the subject is supine or standing. During rest, however, the value for stroke volume depends on the body position. The results of earlier workers, such as Bock and associates (15) , who used the carbon dioxide method and Christensen (17) , who used the acetylene method, are consistent with this interpretation.
SUMMARY
Cardiac output, heart rate, and stroke volume were measured in four healthy, untrained men at rest in the supine position, at rest standing and during exercise in the upright position. The exercise varied in severity from gentle movements of the calf muscles and marking time to walking at 4.5 mph up a treadmill inclined at 12 degrees from the horizontal. This severe exercise was associated with cardiac otitputs of 15 to 25 L per minute and oxygen consumptions of 2.0 to 2.8 L per minute.
The cardiac index of subj ects at rest in the supine position averaged 3.5 L, and the stroke index averaged 54 ml. When the subject stood, there was a fall in cardiac output and an increase in heart rate. The stroke index averaged 32 ml, a fall of 41 per cent. Mild exercise was sufficient to restore the stroke index almost to the value obtained with the subject at rest in the supine position. With moderate exercise in the upright position the stroke index was similar to that obtained when the subject was at rest in the supine position and with the severest exercise it increased to 59 ml.
It is probable that the apparent discrepancies in previous reports were due to variations in the circumstances under which resting values for stroke volume were obtained rather than to inadequate technics for measuring cardiac output. Thus, if the stroke volume obtained during severe exercise in the upright position is compared with that obtained when the subject is at rest in the supine position, the increase is slight (-9 to + 23 per cent) compared with the increase in heart rate (+ 156 to + 190 per cent). If the comparison is made with the value obtained when the subject is standing at rest, the inCrease in stroke volume (+ 61 to + 110 per cent) is comparable with that in the heart rate (+ 77 to + 122 per cent) .
